Abstract. The molecular mechanisms underlying the progression of nonalcoholic steatohepatitis (NASH) have not been fully elucidated. The aim of this study was to identify factors involved in NASH progression by analysis of pathophysiological features and gene-expression profiles in livers of STAM mice, a model of NASH-associated hepatocarcinogenesis. C57BL/6N (B6N) mice were injected with streptozotocin to generate STAM mice. Four-week-old male STAM and B6N
Introduction
Nonalcoholic fatty liver disease (NAFLD) is a spectrum of liver conditions with histopathological features similar to alcoholic liver disease that arise in patients with no apparent history of alcohol intake. NAFLD is classified into two main types: nonalcoholic fatty liver (NAFL), characterized simply by deposition of fat in the liver, and nonalcoholic steatohepatitis (NASH), characterized by hepatic inflammation with hepatocyte injury (ballooning), with or without fibrosis, as well as hepatic steatosis (1) . NAFL and NASH are considered to be hepatic manifestations of metabolic syndrome, because the presence of obesity and obesity-induced insulin resistance is fundamentally associated with the pathogenesis and progression of the two diseases. Consequently, NAFL and NASH are often accompanied by complications such as diabetes, hypertension, and dyslipidemia (2) . However, the molecular mechanisms underlying the progression of NAFL and NASH in association with metabolic syndrome have not yet been fully elucidated.
NASH can lead from progressive hepatic disease to liver cirrhosis (LC), with subsequent development of hepatocellular carcinoma (HCC) (3). The incidence rate of NASH-derived HCC without complication by LC was found to range from 0 to 3% over a 20-year period, whereas the rate of NASH-derived HCC with LC was higher, ranging from 2.4% over a 7-year period to 12.8% over a 3-year period (4) . Although the incidence of HCC is lower in patients with NASH than in patients with hepatitis C virus (HCV) infection, the number of patients with NASH-associated HCC is expected to increase along with the growing incidence of metabolic syndrome (4, 5) . According to the two-hit theory, a widely known hypothesis aimed at explaining the pathogenesis and progression of NAFLD/NASH, onset of hepatic fat deposition is the 'first hit' , while the 'second hit' can be due to any of several factors, including hepatocellular injury and genetic predisposition, and leads to the onset of NASH (6) . Although a large part of the disease process remains unexplained by the two-hit theory, it is now widely believed that many of the risk factors are intricately associated with each other. Dietary and/or genetic factors, along with inflammatory mediators of intestinal origin or those derived from fat tissue, may contribute in parallel to the development of NASH. Tilg et al have characterized this process by introducing the concept of 'multiple parallel hits' (7) .
Hepatic expression of the
Since factors that contribute to the pathogenesis of NASH leading to LC and HCC remain unclear, we investigated the pathological processes of NASH-associated hepatocarcinogenesis using animal models. No fibrosis formation or hepatocarcinogenesis have been reported in studies with conventional models using leptin-deficient ob/ob mice, or in high-fat or high-fructose diet models (8) , even though hyperglycemia, insulin resistance, and obesity were observed under these conditions. In models that use mice fed a choline-deficient L-amino acid (CDAA)-defined diet, no abnormal glucose tolerance or obesity has been clearly observed, despite the development of steatosis and subsequent hepatic fibrosis, the latter of which is ultimately associated with LC and hepatocarcinogenesis (9) . Thus, no studies have accurately recapitulated the pathogenesis of human NASH in conventional animal models. In a model using STAM mice fed a high-fat diet after the onset of pancreatic dysfunction induced by streptozotocin administration, findings of a recent study showed the development of steatosis, hepatic fibrosis, and HCC over shorter periods (10) . The STAM mouse model has drawn attention because the animals predictably and consistently develop pathologies similar to human NASH, although hyperinsulinemia is not observed in this mice model. However, the molecular mechanisms of hepatocarcinogenesis in this model have not been fully investigated. In this study, we investigated whether a high-fat diet affects hepatocarcinogenesis in a NASH model induced by hyperglycemia, and explored the genetic associations with the pathogenic mechanisms of hepatocarcinogenesis.
Materials and methods

Animals.
To generate STAM mice, two-day-old male C57BL/6N (B6N) mice received subcutaneous injection of 200 µg streptozotocin to reduce pancreatic function. Male STAM mice were purchased from Stelic Institute & Co. (Tokyo, japan). Starting at four weeks of age, STAM mice were fed a high-fat diet (HFD) (STAM-F) or conventional diet (STAM-C). Four-week-old male B6N mice were purchased from Charles River Laboratories japan, Inc., (Yokohama, japan). Similarly, starting at four weeks of age, B6N mice were fed a high-fat diet (B6N-F) or conventional diet (B6N-C). In the high-fat diet, 60% of the calories (HFD-60) were derived from fat (Oriental Yeast Co., Ltd., Tokyo, japan), while the conventional diet (Ce-2) contained 4.6% fat (CLeA japan, Inc., Tokyo, japan). The mice were kept in standard wire cages and allowed free access to food and water. The animals were then weighed, and blood pressure (Model MK-1030, Blood Pressure Monitor For Rats & Mice, Muromachi Kikai Co., Ltd., Tokyo, japan) and serum fasting blood glucose (FBg) were measured weekly. The animals were sacrificed at 10, 14, or 18 weeks. Subsequently, the mice were fasted for 12 h prior to sacrifice, and serum and liver samples were collected and stored at -80˚C prior to use.
Male C57BLKS/j lar-+Lepr db /+Lepr db (db/db) mice were purchased from japan SLC, Inc. (Hamamatsu, japan). These mice were established as a type 2 diabetes mouse model. Five-week-old db/db mice were fed an HFD and sacrificed at 25 weeks (db/db-F group). In addition, four-week-old B6N mice were fed a CDAA diet (Dyets, Bethlehem, PA, uSA) and sacrificed at 16 weeks (CDAA group).
The animal experiments were approved by the Institutional Animal Care and use Committee guideline of Kagoshima university graduate School of Medical and Dental Sciences.
Biochemical examination. Aspartate aminotransferase (AST) and alanine aminotransferase (ALT) levels in mice were measured using Spotchem™ ez SP-4430 (Arkray, Inc., Kyoto, japan). Fasting blood glucose (FBg) levels were measured using Cyclic gB sensor (eidia Co., Ltd., Tokyo, japan). Serum insulin levels were measured using an enzyme-linked immunosorbent assay (eLISA, Morinaga Institute of Biological Science, Inc., Yokohama, japan) according to the manufacturer's instructions.
Histological examination. Liver tissues were isolated and fixed in 10% neutralized formalin buffer solution. The samples were then embedded in paraffin and sliced at a thickness of 4-5 µm. Liver pathology was evaluated by staining with hematoxylin/eosin. Accumulation of fat in hepatocytes was evaluated by oil red O staining. Liver tissue section were covered with O.C.T gel and stored at -80˚C. Frozen sections of liver tissue (<6 µm) were fixed in 10% neutralized formalin buffer solution for 30 min and then rinsed with 60% isopropanol. After washing with distilled water, the nuclei were stained with Mayer's hematoxylin for 1 min, and then rinsed again with distilled water. Quick grain Standard (Inotech Co., Ltd, Hiroshima, japan) was used to measure the area positive for oil red O staining.
Liver fibrosis was evaluated by Sirius red staining. Sections (4 µm) were fixed in saturated picric acid and 1% Sirius red for 90 min at room temperature. Positively stained areas were measured using Quick grain Standard.
Activity of NAFL/NASH was assessed using the NAFLD Activity Score (NAS), as described by Kleiner et al (11) , a composite parameter based on separate scores for steatosis (0-3), lobular inflammation (0-3), and hepatocellular ballooning (0-2). The NAS is the sum of these scores: values ≥5 are correlated with a diagnosis of NASH in humans (11) .
Immunohistochemistry. Hepatic tumors were assessed by immunostaining for placental glutathione S-transferase (GST-P) and heat shock protein (HSP)-70. A rabbit polyclonal antibody against gST-P (Medical & Biological laboratories Co., Ltd, Nagoya, japan) was used at a dilution of 1:2,000, and a rabbit polyclonal antibody against HSP-70 (Cell Signaling Technology, Inc.) was used at a dilution of 1:25.
Gene expression profile. Liver tissues of 14-week-old B6N-C, B6N-F and STAM-F mice were homogenized in TRIzol solution (Life Technologies, Carlsbad, CA, uSA), and RNA was then isolated according to the manufacturer's instructions. En bloc total RNA from five mice was subjected to expression profiling on an Affymetrix geneChip Mouse genome 430 2.0 array according to a standard protocol (Affimetrix, Santa Clara, CA, uSA). The resultant expression profiles were normalized using the GeneSpring GX 11 software (Agilent Technologies, Santa Clara, CA, uSA).
Quantitative RT-PCR. Template cDNA was synthesized from 0.5 µg of total RNA using a PrimeScript RT reagent kit (Takara Bio Inc., Otsu, japan). Following microarray analysis, we identified genes that were expressed more highly in STAM-F than in B6N-F and B6N-C. The expression levels were subsequently detected in liver tissue by quantitative RT-PCR using SYBR Premix ex Taq™ II (Takara Bio Inc.) on a StepOnePlus™ real-time PCR system. The level of each mRNA was normalized to that of β-actin (Actb) mRNA in the same sample. The following mRNAs were examined in this manner: serine palmitoyltransferase long chain base subunit 3 (Sptlc3), matrix metallopeptidase 13 (Mmp13), glutamate receptor interacting protein 1 (Grip1), chemokine (C-X-C motif) ligand 14 (Cxcl14), α-fetoprotein (Afp), glypican 3 (Gpc3), and β-actin (Actb). Primer sequences are provided in Table I .
Statistical analysis.
Results are presented as means ± standard deviations. Statistical evaluation was performed with IBM SPSS 15.0j (IBM Corporation, Armonk, NY, uSA) for windows. Data were analyzed for statistical differences using the Mann-whitney u test or Tukey's HSD test. P<0.05 was considered statistically significant.
Results
Physical findings in B6N and STAM mice. Body weight gradually increased in B6N-F mice, but no increase was observed in either of the STAM groups between 4 and 18 weeks of age (Fig. 1A) . The dietary calorie intake of STAM-F was 1.3-fold higher that of STAM-C mice, although there was no significant difference in weight between the two groups. Blood pressure did not differ significantly during the observed periods: specifically, systolic blood pressure was ~100 mmHg in all groups each week.
Biochemical examination in STAM and B6N mice. Serum ALT levels decreased from 10 weeks of age (6 weeks of diet) to 18 weeks (14 weeks of diet) in B6N-C and STAM-C mice, but increased in B6N-F and STAM-F mice (Fig. 1B) . In addition, ALT levels in the B6N-F groups were higher than those in the B6N-C groups at 10, 14 and 18 weeks, and ALT levels in STAM-F were significantly higher than those in STAM-C at 18 weeks (Fig. 1B) .
The two STAM groups, in which pancreatic function was degraded, had high FBg relative to the B6N groups, and FBg was significantly higher in the STAM-F (>400 mg/dl) than in the STAM-C, B6N-F and B6N-C groups (Fig. 1C) . By contrast, serum insulin levels were lower in the two STAM groups, and were significantly higher in B6N-F than in the other three groups (Fig. 1D ).
Hepatic steatosis in STAM and B6N mice. There was no apparent hepatic steatosis in B6N-C mice at 10, 14, or 18 weeks (Fig. 2) , but hepatic steatosis in the B6N-F group gradually increased over time, as observed at 10, 14 and 18 weeks ( Fig. 2 and 3B ). By contrast, STAM-F mice at 10 weeks had apparent hepatic steatosis ( Fig. 2 and 3A) , and the area of hepatic steatosis in the STAM-F group was lower at 14 and 18 weeks than at 10 weeks (Fig. 3B ). There was no apparent hepatic steatosis in STAM-C mice during the experimental period.
Hepatic fibrosis in STAM and B6N mice. Hepatic fibrosis, assessed by image analysis of Sirius red staining, was more severe in STAM-F mice at 10 ( Fig. 4A) and 14 (Fig. 4B) weeks than in the B6N-C (Fig. 4D), B6N-F (Fig. 4e) , and STAM-C mice (Fig. 4F ) during the same period (Fig. 4g) . By contrast, the area of hepatic fibrosis in STAM-F mice at 18 weeks (Fig. 4C ) decreased relative to 10 or 14 weeks, and the degree of fibrosis was similar to those in the B6N-F and STAM-C groups (Fig. 4g) .
NAFLD activity score (NAS) in STAM and B6N mice. The NAS, a composite parameter calculated from separate scores for steatosis, inflammation, and ballooning, was higher in B6N-F and the two STAM groups than in B6N-C. Between the STAM groups, the score was higher in STAM-F than in STAM-C groups (Fig. 5) .
Hepatic tumor formation and evaluation of tumor in STAM mice. Hepatic tumors were observed in two STAM-C mice at 14 weeks of age. However, the tumors in each mouse were singular, and no hepatic tumors were observed in the STAM-C group at 10 and 18 weeks of age, or in either B6N group at any time during the experiment. By contrast, a single hepatic tumor was observed in all five STAM-F mice at 14 weeks, and multiple tumors were observed in all five STAM-F mice at 18 weeks (Fig. 6A) .
Immunohistochemical analysis showed that hepatic tumors in STAM-F mice at 18 weeks were positive for gST-P (Fig. 6B ) and HSP-70 (Fig. 6C) . In addition, quantitative RT-PCR analysis of mRNA from liver tissue in STAM-F mice at 14 weeks revealed that expression of Afp mRNA was significantly higher, and that of Gpc3 mRNA tended to be higher, in the tumor area than in the non-tumor area ( Fig. 6D and E). On this basis, we concluded that the hepatic tumors in STAM-F mice had features of hepatocellular carcinomas. By contrast, Afp and Gpc3 mRNA expression in hepatic tumors of STAM-C mice at 14 weeks was similar to that in non-tumor areas ( Fig. 6D and e) .
cDNA microarray analysis and quantitative RT-PCR.
gene-expression profiles of whole livers from B6N-C, B6N-F, and STAM-F mice at 14 weeks, using en bloc total RNA from five mice, were evaluated using Affymetrix geneChips. Of 2,774 genes whose expression levels were ≥2-fold higher in STAM-F than B6N-F, mice 144 genes were increased ≥5-fold, and 8 genes were increased ≥30-fold. These top eight genes were selected for further examination (Table II) . In addition, of 144 genes that were increased ≥5-fold in the STAM-F compared to the B6N-F group, four genes were increased ≥5-fold in the B6N-F compared to the B6N-C group at 14 weeks, and the four genes were selected for further examination (Table II) . Of the 12 genes, expression levels of 11 were assessed by quantitative RT-PCR using commercially available primers. we confirmed that expression levels of the Sptlc3, Mmp13, Grip1 and Cxcl14 genes were higher in the STAM-F as compared to the STAM-C and B6N-F groups at all times tested (Fig. 7) . The difference in Sptlc3 mRNA expression was the most pronounced, and increased over time from 10 to 18 weeks (Fig. 7) . By contrast, differences in the hepatic mRNA expression levels of Cxcl14 and Mmp13 at 18 weeks were not statistically significant among the four groups, although these genes were expressed at higher levels in the STAM-F group than in the other groups.
Comparison of gene expression between STAM, db/db and CDAA mouse models. In db/db mice fed HFD for 20 weeks (at 25 weeks old, db/db-F group), we observed steatosis and fibrosis ( Fig. 8A and B) but no hepatic tumors. Similarly, hepatic steatosis and fibrosis, but no hepatic tumors, were observed in B6N mice fed a CDAA diet for 12 weeks (at 16 weeks old, CDAA group; Fig. 8C and D) . The NAS of db/db-F and CDAA mice was as high as that of STAM-F mice (Fig. 8e) , and hepatic fibrosis was significantly more severe in the CDAA mice than in STAM-F mice at 14 weeks (Fig. 8F) . Among these mice and the B6N-F and STAM-F groups, the hepatic expression of Grip1 and Sptlc3 mRNAs was highest in the STAM-F group at 14 weeks (Fig. 8g) . By contrast, the hepatic levels of Cxcl14 and Mmp13 mRNA were higher in the db/db-F and CDAA groups, respectively, as compared to the other groups (Fig. 8g) .
Discussion
This study showed that the STAM-F group, which exhibited notable hyperglycemia due to impaired insulin secretion over a short time period, exhibited more hepatic fibrosis at 10 and 14 weeks and more frequent hepatocarcinogenesis at 18 weeks than the B6N-C, B6N-F and STAM-C groups. In addition, mRNA expression levels of several genes including Sptlc3 in the liver of STAM-F mice were significantly elevated compared to the STAM-C, B6N-C and B6N-F groups. Sptlc3 expression gradually increased over the study observation period. Furthermore, we observed a higher expression of Sptlc3 mRNA in STAM-F mice compared to NASH mouse models, such as db/db-F and CDAA diet mice, although hepatic fibrosis was more severe in the CDAA diet mice than in the STAM-F mice. These results indicate that a HFD in conjunction with hyperglycemia may aggravate pathophysiological findings in the liver, including hepatocarcinogenesis in NASH. Furthermore, hepatic expression of Sptlc3 mRNA may be closely associated with NASH-associated hepatocarcinogenesis. Type 2 diabetes is a risk factor for HCC: the risk of HCC is 2.5-fold higher in diabetic patients than in healthy controls (12) . Sixty-four percent of HCC patients suffering from NASH experience complications with diabetes (13) . Several factors, such as hyperinsulinemia induced by insulin resistance, play major roles in hepatocarcinogenesis in NASH (14) . By contrast, hyperglycemia itself can contribute to the incidence of carcinogenesis by promoting endothelial cell dysfunction or the induction of DNA damage by oxidative stress (15) . In this study, multiple HCCs were observed in the STAM-F group, which had higher hyperglycemia than the STAM-C and B6N-F groups. Thus, our results show that significant hyperglycemia contributes to hepatocarcinogenesis, regardless of hypoinsulinemia.
HCCs express Afp and Gpc3 mRNA (16, 17) , and immunostain positively for GST-P and HSP-70 of HCC (18, 19) . These observations support the hypothesis that the liver tumors observed in STAM-F mice were HCCs. By contrast, no significantly higher expression of Afp and Gpc3 mRNA was observed in hepatic tumors that were detected in two STAM-C mice at 14 weeks. In addition, the non-tumor area of the liver in these mice showed a low expression of Sptlc3. Therefore, Sptlc3 expression may contribute to the development of HCC with a higher expression of tumor markers such as AFP, but probably does not contribute to hepatic tumors that do not highly express these tumor markers.
In this study, HCC formation in STAM-F mice at 14 and 18 weeks was accompanied by a decrease in hepatic steatosis, which was similar to the features of burned-out NASH. However, STAM-F mice did not develop LC within the period when HCC was observed. Although LC is a risk factor for HCC development, HCC in patients with metabolic syndrome often develops without advanced hepatic fibrosis (20) . Thus, development of HCC in STAM-F mice with mild fibrosis may be similar to that in human NASH, although the mechanism of the decrease in hepatic steatosis in STAM-F has not been elucidated.
In the STAM group, we observed fasting hyperglycemia after the impairment of pancreatic function. In addition, blood glucose levels gradually decreased in STAM mice fed a conventional diet (STAM-C), but gradually increased in STAM mice fed a high-fat diet (STAM-F). The palmitic acid from the high-fat diet may inactivate AMP-activated protein kinase, increase production of reactive oxygen species (ROS) in mitochondria, and decrease autophagic signaling via unc-51-like kinase 1 (uLK1). These factors promote the production of IL-1β, impair glucose tolerance and insulin sensitivity (21) , and may lead to hepatocarcinogenesis. Oxidative stress such as ROS production should be further investigated in STAM mice.
Serine palmitoyltransferase (SPT) produces 3-ketodihydrosphingosine (KDS) by condensation reactions with serine and palmitoyl CoA using pyridoxal 5'-phosphate (PLP) as a coenzyme (22, 23) . This response is the first step in the biosynthetic pathway of sphingolipids. Although the mammalian SPT was previously described as a heterodimer composed of two subunits, SPTLC1 and SPTLC2 (24), a recent study has shown that SPT is composed of three distinct subunits (SPTLC1, SPTLC2 and SPTLC3) that form a complex with a molecular mass of 480 kDa (25) . SPTLC2 and SPTLC3 share 68% sequence identity and include the PLP-binding region, whereas SPTLC1 does not contain that region (24) . Therefore, SPTLC2 and SPTLC3 are likely to have similar functions. However, SPTLC2 and SPTLC3 are encoded by two distinct genes, and Triton X-100 inhibits the SPTLC3-based SPT reaction but activates the SPTLC2-mediated reaction (24) . Our results indicated that HCC development was associated with mRNA expression of Sptlc3, but not Sptlc1 or Sptlc2 (data not shown). Differences in the functions of these genes may be associated with hepatocarcinogenesis.
The levels of sphingolipids such as ceramide are correlated with the expression level of Sptlc3 (26) . Blockade of SPT1, an enzyme involved in the rate-determining step of ceramide synthesis, improves insulin resistance in mice (27). The expression of pro-ceramide genes such as Sptlc1 and Sptlc2 is increased in the early stage of fatty liver disease in mice, and serum ceramide levels of NASH patients decrease in accordance with their weight reduction (27-29). Inhibition of ceramide de novo synthesis with the SPT inhibitor myriocin ameliorates glucose homeostasis in streptozotocin-induced type 1 diabetes in rat (30) . Thus, ceramide may be associated with fatty liver in a manner that involves insulin resistance. In addition, myriocin suppressed melanoma cell proliferation by cell-cycle arrest at the g2/M phase by inhibiting de novo sphingolipid synthesis and increased p53 and p21 waf1/cip1 expression (31, 32) . In this study, overexpression of Sptlc3 was already detected at 10 weeks in STAM-F, prior to liver tumor formation. Furthermore, expression of Sptlc3 increased in accordance with progression to HCC. Therefore, sphingolipids controlled by Sptlc3 might be associated with hepatocarcinogenesis via mechanisms involving insulin resistance, cell proliferation, and p53/p21 waf1/cip1 expression.
Our study had several limitations. First, the STAM mice that were used in this study developed NASH in the context of hyperglycemia and impaired insulin secretion. The pathological condition in this model is different from that of human NASH, in which hyperinsulinemia is associated with obesity and insulin resistance. However, previous studies have reported NAFLD cases being on the increase due to type 1 diabetes, and described the influence of insulin resistance on the develop ment of NAFLD in such patients (33) (34) (35) . Although several mouse models of NASH exist, the development of HCC has not been observed in these models. Therefore, STAM-F are considered to be useful as a highly reproducible NASH model. A second limitation is that STAM-F mice develop hepatic steatosis and hepatic fibrosis, followed by HCC, but the area of hepatic fibrosis (as determined by image analyzer in STAM-F at 18 weeks) was reduced relative to the area at 10 or 14 weeks. Although this reduction is inconsistent with findings in human NASH, it is necessary to assess hepatic fibrosis in the tumor-free area in many mice. Third, it is uncertain whether several genes that our study found to be increased in STAM-F are specific to this mouse model or are actually increased in human NASH associated with insulin resistance and hyperinsulinemia. Fourth, our study did not conclusively demonstrate an actual role of Sptlc3 in the development of NASH and NASH-associated tumor formation. Direct evidence that Sptlc3 is involved in the progression to NASH would require experimental evidence that the suppression of Sptlc3 ameliorates NASH or the overexpression of Sptlc3 exacerbates NASH. Finally, there was no apparent hepatic steatosis in STAM-C or B6N-C mice. The livers of STAM-C and STAM-F mice may show inflammation caused by streptozotocin hepatotoxicity, which could affect the NAS score. Thus, we should consider that there are limitations to the NAS score used for evaluation in our model.
In summary, we found that a high-fat diet, marked hyperglycemia, and hepatic steatosis were correlated with multiple HCC, and concluded that these factors contributed to the progression of NASH. In addition, overexpression of Sptlc3 in the liver was associated with NASH-associated hepatocarcinogenesis. This study provides useful information regarding potential molecular targets for the prevention and treatment of NASH-associated hepatocarcinogenesis, although the pathology of STAM is somewhat different from that of human NASH, in particular with regard to insulin resistance.
